Understanding the dynamics and effects of hydrothermal eruptions is crucial to the hazard assessment in both volcanic and geothermal areas. Eruptions from hydrothermal centres may occur associated with magmatic phases, but also as isolated events without magmatic input, with the most recent examples being those of Te Maari (Tongariro, New Zealand) in 2012 and Ontake (Japan) in 2014. The most recent caldera of the Island of Vulcano (southern Italy) hosts in its centre the La Fossa cone, active since 5.5 ka and now characterised by continuous fumarolic degassing. In historical times, La Fossa cone has experienced several hydrothermal eruptions, with the most violent event being the Breccia di Commenda eruption that occurred during the thirteenth century AD. Based on analysis of 170 stratigraphic logs, we show that the Breccia di Commenda eruption occurred in three main phases. After an opening, low-intensity ash emission phase (phase 1), the eruption energy climaxed during phase 2, when a series of violent explosions produced an asymmetric shower of ballistic blocks and the contemporaneous emplacement of highly dispersed, lithic-rich, blast-like pyroclastic density currents (PDCs). The tephra units emplaced during phase 2, ranging in volume from 0.2 to 2.7 × 10 5 m 3 , were covered in turn by thin ash fall deposits (phase 3). The dynamics of the most violent and intense stage of the eruption (phase 2) was investigated by numerical simulations. A three-dimensional numerical model was applied, describing the eruptive mixture as a Eulerian-Eulerian, two-phase, non-equilibrium gas-particle fluid (plus a one-way coupled Lagrangian ballistic block fraction). At the initial simulation time, a mass of about 10 9 kg, with initial overpressure above 10 MPa, and a temperature of 250°C, was suddenly ejected from a 200-m-long, eastward inclined, NNE-SSW trending fissure. The mass release formed blast-like PDCs on both sides of the fissure and launched ballistic blocks eastwards. Field investigations and numerical simulations confirm that hydrothermal explosions at La Fossa cone include intense ballistic fallout of blocks, emission of PDCs potentially travelling beyond the La Fossa caldera and significant ash fallout. The hazard associated with both ballistic impact and PDC ingress, as associated with hydrothermal eruption, is significantly larger with respect to that associated with Vulcanian-type events of La Fossa.
Introduction and rationale for the study Phreatic eruptions result when heated groundwater is the driving fluid (Barberi et al. 1992; Germanovich and Lowell 1995; Strehlow et al. 2017) , and hydrothermal events occur when fluids from a pre-existing hydrothermal system are thought to be involved (Marini et al. 1993; Mastin 1995; Browne and Lawless 2001) . Such eruptions are typically lithic-rich, and understanding their dynamics is crucial in assessing hazard in active volcanic and geothermal areas (Montalto 1995; Stix and de Moor 2018) . These eruptions may occur as isolated events (Le Guern 1980; Sheridan 1980; Marini et al. 1993; Yamamoto et al. 1999; Ohba et al. 2007; Fujinawa et al. 2008; Houghton et al. 2011; Miura et al. 2012; Montanaro et al. 2016a,b; Mannen et al. 2018) or may be associated with magmatic phases (Chrétien and Brousse 1989; Calvache and Williams 1992; Gardner and White 2002) . In the latter case, there may be precursory activity, on the former there may not (Barberi et al. 1992; Strehlow et al. 2017) . Recent events of the isolated (phreatic event at a hydrothermal system) category have occurred at Te Maari craters (Tongariro volcanic complex, New Zealand) in August 2012 ) and at Ontake volcano (Japan) in September 2014 . During the Ontake event, 64 climbers lost their lives (Tsunematsu et al. 2016) , demonstrating the potential hazard presented by this type of volcanic phenomenon which involves a sudden explosion with little (to no) warning. Worldwide, active volcanoes in a quiescent state often attract large numbers of tourists crowding active degassing areas overlying very active hydrothermal systems (Heggie 2009; Erfurt-Cooper 2011) . Phreatic/hydrothermal explosive events can occur with little or no precursors (e.g. Chrétien and Brousse 1989; Hurst et al. 2014; Kato et al. 2016 ) and can generate lethal phenomena such as intense showers of blocks and highly energetic pyroclastic density currents (PDCs; e.g. Sheridan and Malin 1983; Fitzgerald et al. 2014; Tanaka et al. 2018) . Volcanologists, therefore, need to understand better the processes that drive their occurrence and to accurately assess their hazards (e.g. Barberi et al. 1992; Hincks et al. 2014; Fitzgerald et al. 2017) .
The Island of Vulcano (Aeolian Archipelago), located in southern Italy (Fig. 1) , hosts in its northern part a caldera (Gioncada and Sbrana 1991; Ventura 1994 , Ventura et al. 1999 Ruch et al. 2016) . Activity has been concentrated in the last 5000 years at La Fossa cone and at Vulcanello peninsula (Frazzetta et al. 1984; De Astis et al. 2013; Fusillo et al. 2015) . The La Fossa caldera is characterised by large-scale degassing phenomena, most of which occurs through hightemperature fumaroles within the summit crater of the cone (occasionally up to more than 600°C; Chiodini et al. 1995; Granieri et al. 2006; Diliberto 2017) and as widespread soil degassing within the crater and on its flanks which feeds boiling mud pools and underwater degassing manifestations around the harbour area (Chiodini et al. 1996; Capasso et al. 1997; Harris and Stevenson 1997; Federico et al. 2010; Paonita et al. 2013; Capasso et al. 2014; Mandarano et al. 2016) . During the summer season, the island hosts up to 20,000 people, with hundreds of tourists climbing every day following marked and maintained trails into the Fossa crater (Biass et al. 2016a) . Because La Fossa cone experienced a lithic-rich eruption (the Breccia di Commenda event) during the thirteenth century AD (Gurioli et al. 2012) , and other similar events likely occurred in 1444 and in 1727 AD from vents opening on the northern flank and at the summit of the cone (Mercalli and Silvestri 1891; De Fiore 1922; Frazzetta et al. 1983; Di Traglia et al. 2013) , the study of these events is particularly relevant for risk assessment and crisis management in a highly visited and populated volcanic setting.
The present study thus follows up on that of Gurioli et al. (2012) in its aim to more fully understand the physical and sedimentological processes that occurred during the Breccia di Commenda event. This is achieved through the integration of detailed field and laboratory analyses of deposits, as well as numerical modelling of PDCs and ballistic blocks dispersal of the most energetic phase during the eruption. Assessment of the physical volcanology of the Breccia di Commenda event, and a comparison with similar events that occurred at volcanoes with active hydrothermal systems (e.g. Sheridan 1980; Lube et al. 2014; Oikawa et al. 2016 ) also highlights similarities in terms of timing, eruptive mechanisms and energy release between geographically diverse, but process-similar, systems across the globe.
Geological and volcanological background
The Island of Vulcano consists of six volcanic edifices whose formation overlapped in time and space beginning 120 ka (Keller 1980; De Astis et al. 2013) . The northern part of the island ( Fig. 1 ) hosts a 4 × 2 km caldera structure (La Fossa Caldera; Gioncada and Sbrana 1991; Ventura 1994 , Ventura et al. 1999 Romagnoli et al. 2012; Ruch et al. 2016 ) whose borders are exposed in the southern and western sectors. In historical times, volcanic activity has occurred at two centres within the caldera: at La Fossa cone that began to erupt 5.5 ka and which is located almost in the centre of the caldera (Frazzetta et al. 1984; De Astis et al. 2013) (Fig. 1) , and at the Vulcanello islets, located along the northernmost border of the caldera. The Vulcanello vent was likely active both in Roman time (Mercalli and Silvestri 1891; De Fiore 1922) and between the eleventh and seventeenth centuries AD (Arrighi et al. 2006; Davì et al. 2009a; Fusillo et al. 2015) . Magmatic eruptions at Vulcano Island are related to the ascent of deep basic (basaltic/ shoshonitic) magmas that trigger episodes of recharge and mixing towards the upper magmatic reservoirs (Nicotra et al. 2018 ). The recent eruptive activity (< 2 ka) appears to have Fig. 1 a Geographic location and tectonic background of the Aeolian Archipelago. b Digital Elevation Model (DEM) of the Lipari and Vulcano islands, highlighting the location of the recent (< 55 ka) eruptive and tectonic activity (following Ruch et al. 2016) . The location of the < 2 ka eruptive vents are also reported. c Map of the northern part of the Island of Vulcano. Main geographic features, location of the analysed stratigraphic natural sections and trenches are reported, with the inferred extent of the BdC deposits been also controlled by the activity of the N-S trending, regional fault (Ventura 1994 , Ventura et al. 1999 Ruch et al. 2016 ).
The Breccia di Commenda eruption
Several previous studies have addressed the Breccia di Commenda deposits, which was referred to as the Breccia di Commenda in Gurioli et al. (2012) , as Commenda Eruptive Unit in Di Traglia et al. (2013) or as Caruggi formation in Dellino et al. (2011 ), De Astis et al. (2006 and De Astis et al. (2013) . Frazzetta et al. (1983) described the Breccia di Commenda (namely 'Marker bed Explosion Breccia (EB)') as a phreatic explosive breccia composed of yellow fragments (due to fumarolic alteration) and ranging in composition from trachyte to andesite. Frazzetta et al. (1983) also described the unit as being roughly separated into an ash fall sub-unit scattered around the crater and a coarse-grained flow subunit cropping out near the base of the cone. According to Dellino et al. (2011) and De Astis et al. (2013) , this 'Caruggi formation' was emplaced around 1250 years BP and mainly consists of lithic clasts characterised by a high degree of hydrothermal alteration. From deposit base to top, Dellino et al. (2011) and De Astis et al. (2013) recognised an exotic fine ash layer related to the eruption of Mt. Pilato that occurred in the neighbouring Island of Lipari, a metre-thick layer of dense lapilli and blocks set in an ash matrix, a dense lapilli-and blocks-bearing layer and a final, thinly laminated ash layer. According to Di Traglia et al. (2013) , the Breccia di Commenda eruption was part of the Palizzi-Commenda Eruptive Cluster, which precedes the last eruptive cycle at La Fossa (Gran Cratere eruptive cluster; 1444-1890 AD; Fig. 2a) .
The Palizzi-Commenda eruptive cluster can, in fact, be divided to a younger unit (Palizzi eruptive unit; 1170 ± 20 AD to 1230 ± 20 AD) followed by the Commenda eruptive unit (Di Traglia et al. 2013) . This consists of a lower breccia deposit (Breccia di Commenda, Gurioli et al. 2012 ; the focus of this study), overlain by a sequence of thinly stratified reddish ash layers (varicoloured tuffs or 'Tufi Varicolori'-in Italian; Frazzetta et al. 1983; Capaccioni and Coniglio 1995; Dellino et al. 2011; Fig. 2a) . Despite the variability of the nomenclature used in the recent literature to designate the deposits of this event, for the sake of simplicity we have adopted the term 'Breccia di Commenda' (hereafter BdC) eruption to refer to the coarse-grained, breccia sequence, and 'Tufi Varicolori' to refer to the fine ash sequence on top of it.
A relevant feature of the BdC event is represented by its contemporaneity with the explosive eruption of the Rocche Rosse (Cortese et al. 1986; Dellino and La Volpe 1995; Forni et al. 2013) , whose vent was located on the Island of Lipari, within the Monte Pilato cone, about 12 km north of the La Fossa crater. The Rocche Rosse eruption was characterised by a first phase of explosive activity (Forni et al. 2013 ) which culminated with the emplacement of the Rocche Rosse lava flow (Bullock et al. 2018 ) dated at 1230 ± 20 AD (Arrighi et al. 2006; Fig. 2a) . White, fine-grained ash layers with a rhyolite composition (Rocche Rosse tephra; Cortese et al. 1986 ) are in fact ubiquitously interbedded with the BdC deposits (Gurioli et al. 2012; Di Traglia et al. 2013; Fig. 2b) .
Both in our reconstruction and in the work of Gurioli et al. (2012) (Table 1) , 'phase' refers to a stage of the eruption characterised by certain dynamics, whereas 'layer' indicates the deposit associated with this phase. Following the reconstruction of Gurioli et al. (2012) , during the BdC eruption, 2 × 10 6 m 3 of lithic-rich deposits were emplaced mainly as PDCs and minor fallout. The material ejected during the initial phase of the eruption (phase 1) consisted of grey-coloured, altered lithic ash, which was dispersed by a convective plume towards the NW, producing a few millimetre-thick ash bed rich in millimetre-size ash pellets (layer 1). Phase 1 thus represents the opening phase of the BdC eruption and shortly preceded the deposition on the Island of Vulcano of the first Rocche Rosse rhyolite ash-fall bed (Gurioli et al. 2012) . Following the deposition of the Rocche Rosse tephra, the eruption energy suddenly escalated at La Fossa to produce phase 2. This phase produced a shower of ballistic blocks and the emplacement of lithic-rich, dilute PDC deposits (to form layers 2a and 2b) mostly towards the S and SE sectors, followed by the emission of a topographically controlled, coarse-grained, dense PDC (layer 2c). According to rock magnetic measurements, phase 2 deposits had a deposition temperature of 200-260°C, consistent with their heating by the hydrothermal system present in the La Fossa cone edifice before the BdC eruption (Fulignati et al. 1998; Gurioli et al. 2012) . Phase 2 was closed by the emplacement of layer 2d, whose deposits consist of 5-10-cm-thick lenses of brown-yellow, massive, well-sorted coarse ash (Gurioli et al. 2012) . The eruption ended with a long-lasting emission of ash and with the emplacement of 'wet' ash fall deposits (phase 3), in which non-structured accretionary lapilli are often preserved.
According to Gurioli et al. (2012) , the presence of nonvesicular juvenile fragments (20 to 40% by volume) in the deposits, varying in composition from rhyolite to trachyandesite, can be interpreted as indicative of the involvement of juvenile magma. This interacted during its ascent with the hydrothermal system to trigger a magmatic-hydrothermal eruption. The fine ash fraction, which is generally scarce in all BdC deposits, is also richer in S, Cu, Zn, Pb and As than the juvenile components of other La Fossa cone units, suggesting that the BdC eruption involved an interaction with a hydrothermal system anomalously enriched in S and metals (Fulignati et al. 1998 ).
Activity at La Fossa before the Breccia di Commenda eruption
The large amount of lithics which characterises the BdC eruption can be related to the material emplaced during previous eruptive events. We thus briefly summarise below pre-BdC activity at La Fossa, based on available literature reconstructions (Fig. 2a) . A re-examination of the volcanic evolution of the La Fossa cone between the twelfth and thirteenth centuries AD (which involved emplacement of the Palizzi eruptive unit) was presented by Di Traglia et al. (2013) . According to Di Traglia et al. (2013) , the Palizzi Eruptive Unit was fed by summit vents and consisted of four explosive phases (PAL A to PAL D) and two effusive phases (that emplaced the Commenda rhyolitic lava and the Palizzi-Campo Sportivo-Punte Nere trachytic lavas). The entire cycle resulted in a significant growth in size and elevation of the cone itself (Di Traglia et al. 2013) .
In the reconstructions of Keller (1980) and Di Traglia et al. (2013) , the trachytic effusive phases of the Palizzi eruption consisted of the emission of the Punte Nere delta (east), the Campo Sportivo (north) and the Palizzi (south) lavas. On the other hand, De Astis et al. (2013) suggested based on previous datings that the Punte Nere lava were much older (4.6 ± 1.7 ka, Frazzetta et al. 1984; 5 .3 ± 2.2/1.1 ka to 3.8 ± 0.9/0.8 ka, Soligo et al. 2000) than the Palizzi-Campo Sportivo trachytic lavas (1.6 ± 1.0 ka, Frazzetta et al. 1984; 1.5 ± 0.2 ka; Voltaggio et al. 1997 ). According to this scheme, the outpouring of the rhyolitic Commenda lava occurred between the Punte Nere and Palizzi events (2.2 ± 1.3 ka, Frazzetta et al. 1984 ; 2.1 ± 0.3 ka, Voltaggio et al. 1997; De Astis et al. 2013) , whereas it postdates the Palizzi-Campo Sportivo-Punte Nere lavas according to Di Traglia et al. (2013) . Its stratigraphic position still remains debatable, but all reconstructions agree that the Commenda lava is older than the BdC eruptive sequence.
The stratigraphic position of BdC deposits, in turn, is consistently on top of both the Palizzi and Campo Sportivo lavas (Supplementary Material). Although dating efforts are not in complete agreement (cf. Frazzetta et al. 1984; Soligo et al. 2000; Arrighi et al. 2006) , the Punte Nere lava shares the same stratigraphic position (immediately below the BdC deposits) as, and have identical chemical compositions, the Palizzi and Campo Sportivo lavas, suggesting that it could have been emplaced in the same period (Supplementary Material). Whatever the case, at least two important lava effusions (Campo Sportivo and Palizzi) took place immediately before the BdC eruption, with the possible addition of the Punte Nere and Commenda lavas.
Methods
Stratigraphic logs and field observations were carried out at1 50 natural outcrops and at~20 machine-excavated trenches at increasing distances from the La Fossa cone, where the current topography is flat enough to allow a good accumulation of both primary and secondary deposits. All the stratigraphic information is reported in a Google Earth© .kmz file where the sections with thickness of the various layers are detailed (see Online Supplement). Bulk samples (of~2 kg each) for layers 2b and 2c were first dried and then mechanically sieved from − 4ϕ to 5ϕ at 0.5ϕ intervals (where ϕ = − log 2 d/d 0 , d being the particle diameter and d 0 = 1 mm) for grain size analysis. To gain information on the source of the lithic material contained in the BdC deposit, we investigated the nature and the relative abundance of the different rock protoliths. At each locality, 100 clasts with diameters in the range 5-10 cm were randomly hand-picked. This clast size represents, on average, a small volumetric fraction of the bulk deposits (layers 2b and 2c) analysed for grain size. To classify rock fragments according to their lithology and composition, each fragment was broken in the field and observed with the aid of a hand lens. Plots of the data were expressed as percentage of different protoliths.
The volumes of the initial tephra fall deposits (layers 1a and 1b) were calculated following Pyle (1989) and Bonadonna and Costa (2012) , and those of the PDC deposits were obtained by integrating the thickness variation of deposits. The PDC deposits derived from phase 2 (layers 2a and 2c) were sampled at 22 sites and processed for grain-size analysis. The new field and grain-size data were integrated with the dataset presented by Gurioli et al. (2012) .
Both stratigraphic observations and field data were also used to infer the state of the summit area and shallow hydrothermal system before the eruption, its role in eruptive dynamics and as input parameters for physical modelling (see Appendix for model). The model applied in this paper aims at describing the paroxysmal stage of the eruption (phase 2). Our modelling, given in Appendix 1, considers the explosion dynamics and ballistic-block ejection, as well as the emplacement of layers 2a and 2b from turbulent, stratified PDCs.
The BdC deposits have inherent spatially non-uniform features and their structure (see 'Stratigraphy, sedimentology and analysis of the erupted products' section) suggests emplacement under strongly unsteady conditions, making simplified models difficult to apply. Moreover, the wide spectrum of grain sizes hinders the use of dusty-gas models, which cannot describe thermal and mechanical non-equilibrium processes. We therefore applied a transient, three-dimensional non-equilibrium Eulerian-Eulerian multiphase flow model (Neri et al. 2003; Esposti Ongaro et al. 2012 ) which as able to simulate the dynamics of the explosion, and a coupled Lagrangian model (de' Michieli Vitturi et al. 2010) to describe the trajectories of ballistic blocks. While the Eulerian formulation is more suited for a large number of particles, strongly coupled with the gas phase (i.e. for particles with diameters below about 1 mm), a Lagrangian approach is more appropriate for loosely coupled regimes (i.e. particles above a few centimetres; Cerminara et al. 2016) . We have verified that the two formulations are equivalent (both physically and numerically) for particles in the lapilli range (2 to 64 mm). To solve the model equations numerically, we have developed a new solver with OpenFOAM, an opensource computational infrastructure for Computational Fluid Dynamics. The coupled model and the new numerical code are presented in detail in the Appendix.
The model assumes that the explosive phase 2 was triggered by the sudden exposure to atmospheric pressure of the shallow hydrothermal fluids, initially at high pressure and temperature. This is a 3D equivalent to the 'top-down' model for hydrothermal explosions by McKibbin et al. (2009) , but the effect of the flashing of the superheated fluids and the subsequent downward migration of the boiling front are not taken into account here, as water is considered as already vaporised.
Stratigraphy, sedimentology and analysis of the erupted products
Our proposed stratigraphic reconstruction of the BdC event is similar to that proposed by Gurioli et al. (2012) , from which we take the distinction of the three main phases (phase 1, phase 2, phase 3) which can further subdivided into different layers (Fig. 2b ). Based on stratigraphic correlations (Fig. 3 ) and considering the thickness variation shown by the lowermost unit (emplaced during phase 1, and hence representing the opening phase of the eruption), we define two distinct layers (1a and 1b) representing ash fallout deposits separated by the Rocche Rosse tephra and having different dispersal areas (Fig. 4a) . The lowermost layer (layer 1a) has a westward dispersal, while layer 1b has a southward dispersal.
Deposits associated with phase 2 can be divided into four layers (2a through 2d). In agreement with the reconstruction of Gurioli et al. (2012) , layers related to phase 2a are mostly dispersed in the south-eastern, eastern and north-western sectors. However, our reconstruction indicates an extension of the maximum distance attained by the ballistic blocks and the associated PDCs. Large ballistic blocks (up to 30 cm in diameter), accompanied by high concentrations of ballistic blocks per area (several blocks per square meter), were documented in the field up to about 2100 m from the crater (s151, Fig. 1c ). The high concentration of impact craters produced by block fallout in the south-eastern sector of La Fossa cone resulted in a systematic disruption of the original ash fall succession at the base of the BdC sequence ( Fig. 5a-c ). Layer 2a consists of an ash-poor, topography-draping and filling, PDC deposit which was emplaced together with the ballistic block shower. This deposit covers more than 4.7 km 2 with a minimum volume of 2.8 × 10 6 m 3
. In proximal to medial sites, PDCs and ballistic blocks are admixed together, suggesting that they were deposited almost simultaneously (Fig. 5c ). It is worth noting that the blast-like nature of the layer 2a PDCs is confirmed by their capability to easily overpass a topographic barrier as high as 175 m at a distance from the source of about 2 km in the southeastern direction. The thickness and coarse grain-size of layer 2a in the distal outcrop (s151, Fig. 1c ) suggest that the dispersal of the PDC was greater than mapped here.
The layer 2a PDC was immediately followed by a PDC which emplaced an ash-rich, thinly stratified, dune-bedded deposit (layer 2b), with a thickness varying between 0.1 and 0.3 m but significantly less dispersed as compared to layer 2a (Figs. 4c and 5d). The different areal distribution of layer 2a (with a longer run out towards east and west) with respect to poorly sorted; (h) fine-grained, unsorted; (i) massive, fine-grained, well sorted; (l) wavy-bedded; (m) vesiculated; (1) mixed pumices-obsidian; (2) altered clasts; (3) banded clasts; (4) accretionary lapilli; (5) white/grey/ golden pumices. Location of the sections is reported in Fig. 1 layer 2b (south-directed) suggests that the two layers might have originated from two different pulses in the eruption sequence that made up layer 2 (Fig. 4) .
Phase 2c consisted of the emission of dense PDCs which led to the emplacement of massive deposits ranging from 0.8 to 3.5 m in thickness (layer 2c; Fig. 5d , e), mostly concentrated on the lowermost flanks and at the foot of La Fossa cone. They cover a total surface of 0.44 km 2 with a volume of 1.39 × 10 6 m 3 . The distribution of layer 2c is neither regular nor ubiquitous around the cone (Fig. 4d) , likely reflecting the vent location and the control played by the uneven height of the crater rim (i.e. the likely represent boiling-over activity, where directions of over-flowing PDCs are controlled by the geometry of the crater rim). The coarsest breccia deposit (with boulders up to 1.5 m in diameter) was observed along the shoreline between Punte Nere and Porto di Levante bay (Fig. 6a) , suggesting that the BdC source vent was located close to the northernmost sector of the La Fossa crater area and that a part of the deposit likely entered the sea. In this area, and in the Palizzi valley, vertical, fines-poor pipe structures are abundant and well preserved in the deposit (s23 in Fig. 1c) . Massive, boulder-rich (less than 1 m in diameter) breccia deposits are also present in the Palizzi valley at the break-in-slope at the foot of the La Fossa cone (Fig. 6b) . On the south-eastern flank of La Fossa, layer 2c is overlain by an ash-rich, accretionary lapilli-bearing deposit (layer 2d) which possibly represents co-PDC deposits emplaced immediately after the breccia (Fig. 5f) .
Phase 3 comprises grey to red ash fall deposits separated by at least three layers related to Rocche Rosse tephra. As described by Gurioli et al. (2012) , these deposits have been observed dominantly in the southern and eastern sectors of La Fossa, suggesting dispersal towards the southeast. The lower part of phase 3 (layer 3a) is represented by a series of lithic-rich, 'wet' layers of vesicular tuff bearing non-structured accretionary pellets, which represent, waning, ash-emission, tail of the eruption (Gurioli et al. 2012 ). In the Palizzi valley and on the northern side of the La Fossa cone, the Rocche Rosse tephra layers are observed interbedded with a 1-m-thick, massive, matrix-supported ash and pebble deposits (lahar units; layer 3b). These stratigraphic features suggest that deposition and reworking of the primary ash fall occurred close in time.
Nature of lithic material in the BdC deposits
The deposits related to the BdC eruption are characterised by a large amount of lithic material, mostly consisting of angular (Fig. 6) . Understanding the origin of this lithic material is thus crucial in understanding the structure of the summit area when the BdC vent opened, with a secondary aim being to locate the position of the vent during the eruption. To do this, we integrated the componentry analysis of the matrix (coarse ash) carried out by Gurioli et al. (2012) with a systematic observation of protoliths at key locations. The sampling sites, as well as the results of the classification and relative abundances of different rock types, are reported in Fig. 7 . Results highlight that, at different sites, the relative abundances of different protoliths are comparable where the large majority of the examined rocks (56-70%) consists of lavas, ranging from fresh to poorly altered, and from dense to vesicular (Fig. 6e) . All fresh and poorly altered lava clasts bear Fig. 5 Pictures of key outcrops for the BdC deposits. a The most distal outcrops of layer 2a (s153; refer to the Electronic Supplementary Material for location), b details of (a), highlighting the stratigraphic and geometric relationship between layer 2a and the Rocche Rosse tephra, as well as the coarse-grained and chaotic appearance of layer 2a. The presence of contorted ash beds, derived from the erosion of the underlying deposits (Palizzi Eruptive Unit), are also emphasised and are related to ballistic impacts. c Impact structures at the base of layer 2a in trenches in the south sector of the La Fossa cone (s148). d The occurrence of the layer 2b in the south-western part of the La Fossa cone (s71). e Massive lapilli tuff lithofacies in layer 2c (above the Palizzi lava flow; Frazzetta et al. 1983 ; s27); f accretionary lapilli rich lenses at the top of layer 2c (s71) Fig. 6 a Outcrop showing the thickest and coarsest breccia deposit (boulders up to 1.5 m diameter) related to layer 2c, observed along the shoreline between Punte Nere and Porto di Levante bay (100 m south of section 5 in Fig. 7) ; b massive, boulder-rich (less than 1 m in diameter) layer 2c breccia deposits in the Palizzi valley (section 21 in Fig. 7) , showing rock fragments in the topmost part of the deposits derived from incorporation in the flow by bulking processes of Commenda lava clasts; c degassing pipes structures in layer 2c (section 5 in Fig. 7 ). Tool for scale is 30 cm; d altered, oxidised, hard crust fragments within the most distal, southeast outcrop of layer 2a (section 153 in Fig. 7 ). e Dense to vesicular, fresh and poorly altered lava clasts, containing millimetre-sized crystals of feldspar and pyroxene in fine-grained groundmass (section 5 in Fig. 7) ; f welded scoria clasts within layer 2c close to the Porto di Levante area (section 5 in Fig. 7) millimetre-sized crystals of feldspar and pyroxene set in a finegrained groundmass consistent with an intermediate composition (trachyte). This category is followed in abundance (15-20%) by moderately to strongly altered lavas. The moderately altered lavas are also intermediate in composition (trachytic), the deeply altered lavas being difficult to classify. Hydrothermally altered tuffs were identified as the third most abundant category (15-24%).
Clasts of welded scoria were found only in the site north of La Fossa cone (15%), and flow banded rhyolitic lavas and fresh, trachytic lava clinkers were only sporadically present in the deposits located in the southern sites (Fig. 7) . Because these less abundant rock types only occur at specific locations and each type is present only in outcrops located downslope of sites where the same rock crops out, we interpret their presence as due to incorporation of this material during flowage of the PDCs from the crater area towards the valleys (i.e. their presence results from a bulking processes). In support of this hypothesis, flow banded rhyolitic lavas are only present downslope of the rhyolitic Commenda lava, welded scoria downslope of the Punte Nere area and fresh trachytic lava clinkers downslope of the Palizzi lava flow.
Our analysis of the breccia protoliths, as well as that of Gurioli et al. (2012) , suggest that (1) during the course of the BdC eruptive activity, a large volume of old material, especially lavas of shallow origin altered by fumarolic activity, was ejected; (2) the dominant part of these products consisted of lava clasts of trachytic composition, from fresh to moderately altered, with texture and composition similar to the trachytic lavas issued at the end of the Palizzi eruptive unit; (3) only a limited amount of the rock fragments in the breccia is constituted by clasts derived from material outcropping upstream of each sampling site; (4) the possible juvenile origin of a part of the fresh lava clasts seems unlikely as no evidence of rapid quenching (glass rinds or radial jointing) was detected in the analysed clasts. Moreover, no blocks or bombs show evidence of heating of the 
Grain-size analysis
In addition to the data derived from the 22 sites sampled in this work (Fig. S6 in the Supplementary Material), data from Gurioli et al. (2012) were used to depict the overall grainsize characteristics of PDC deposits related to phases 2a and 2c (Figs. 8 and 9 ). Grain-size data of layers 2a and 2c form two discrete groups on both the Mdϕ (median)-σϕ (sorting) and F1 (% fraction ≤ 1 mm)-F2 (% fraction ≤ 1/16 mm) diagrams (Fig. 8) . Mdϕ of layer 2a varies from − 5.1 to 2.1ϕ, whereas σϕ varies from 1.2 to 3.4. F1 accounts between 90.9 and 5.5% and F2 represents from 0 to 9.8% of the total. In contrast, layer 2c is distinctive because of its lower sorting, irrespective of absolute grain size. The deposit also shows the largest range in Mdϕ (from − 5.8 to 3.2ϕ), σϕ (1.4 to 3.7), F1 (17.0 to 95.6%) and F2 (0.2 to 33.0%). Layer 2a is thus generally better-sorted with respect to layer 2c, with an evident lack in fine (< 0.063 mm) material, and having a unimodal distribution (Fig. 8) . On a plot of F1 versus F2, samples of layer 2a occupy the area below the field of PDCs (Fig. 8b) , indicating either a reduced fragmentation at the source vent or a significant depletion of fines during transport, or both. The grain-size distribution of layer 2a is similar to that of high-energy blasts deposits (i.e. layer B, defined as 'strongly depleted by fines and thus has a clast-supported fabric with open voids between clasts' in Belousov et al. 2007 Ritchie et al. 2002) . In particular, it shows close similarities with the hydrothermal blast deposit produced during the 2012 Te Maari eruption at Mt. Tongariro (New Zealand; Lube et al. 2014) .
Compared with typical pumice-rich, high-concentration PDC deposits (Fig. 8a) , layer 2c is relatively ash-poor and relatively well sorted, likely reflecting the weaker fragmentation of lithic material compared to fragile highly vesicular pumice both at the source vent and during transport. Fragmentation during transport of PDC 2c had a limited role as all PDCs travelled less than 1300 m from the summit of the La Fossa cone.
Modelling the explosion dynamics of the BdC eruption
Based on the observation that a phase of effusive activity shortly preceded the BdC eruption, and on the character of the lithic material which largely comprises the breccia deposit, we assumed that the exploding volume was initially confined within the La Fossa cone crater area, which was possibly filled by lava from the previous effusive eruptions. Magma degassing through the volcaniclastic material from previous eruptions and the overburden of the crater-filling lavas provided the necessary conditions for the build-up of the interstitial gas overpressure. This scenario is compatible with continuous degassing, including fumarolic. When this fluid overpressure exceeded the tensile strength of the overlying lava cap, a breakdown occurred (not modelled here), exposing the porous material and hydrothermal system fluids to atmospheric pressure. The explosion was then driven by the rapid decompression of the fluids and the fragmentation of the porous material into a gas-particle mixture, made up of water vapour, ash and lithic blocks. This was subsequently accelerated during expansion in the atmosphere. In this stage, the blocks were ejected ballistically from the vent, while the ash fraction was mechanically coupled with the eruptive plume. Lateral expansion and the rapid collapse of the gas-particle jet generated turbulent PDCs. The numerical model used in this work aims at simulating the event starting from the decompression and acceleration Fig. 8 Grain-size features of BdC deposits, using both data from this work and from Gurioli et al. (2012) . a Mdφ vs. σφ diagram (Walker 1971) and b F1 vs. F2 diagram (Walker 1971 ) of layer 2a and layer 2c, showing the lack of fines, as also observed in other fines-depleted, finespoor and blast deposits (data from Boudon and Lajoie 1989; Brissette and Lajoie 1990; Yamamoto et al. 1999; Ritchie et al. 2002; Belousov et al. 2007; Lube et al. 2014 ; curves from Ritchie et al. 2002) of the mixture of overpressurized fluids and the already fragmented material, described by a Eulerian ash + lapilli fraction and a Lagrangian block-particle fraction (Neri et al. 2003 , Esposti Ongaro et al. 2012 de' Michieli Vitturi et al. 2010) .
Recent field/experimental studies have addressed some of the parameters controlling the dynamics and energetics of explosions due to decompression of a hydrothermal system, including the type of rock involved in the eruptive event and its porosity, permeability and strength, as well as the type and amount of fluid involved in the explosion and initial pressure-temperature (P-T) conditions. For the Te Maari case, experimental works have thus been conducted in a range of temperatures (200-350°C), pressures (4-6.5 MPa) and lithology (Montanaro et al. 2016c ).
We apply a parametric approach, focusing on the three parameters that mostly control the dynamics of the explosion of a pressurised shallow body of mass (M): the initial pressure (P 0 ), gas content (n) and temperature (T). The total erupted mass in phases 2a + 2b ranges (Table 2 ) from 7.5 × 10 8 kg (3 × 10 5 m 3 Dense Rock Equivalent, DRE) to 2.5 × 10 9 kg (10 6 m 3 DRE), with the lower bound being constrained by the measured volume of the pyroclastic deposit, and the maximum value estimated by considering mass not deposited or eroded. The initial gas mass fraction (n) is related to the porosity of the exploding material (ϕ) by:
where ρ g is the density of the gas phase and ρ s is the density of the solid phase, with ρ g ¼ P RT , with P, R and T being pressure, the specific gas constant and temperature, respectively. We vary the porosity of the exploding body in a realistic range, from 0.3 to 0.7 (this is intended as a cell-averaged value for the hosting system, not the porosity of individual clasts). Based on experimental works by Montanaro et al. (2016c) , overpressure is varied from 6.0 to 20.0 MPa. Mixture temperatures of either 523 or 623 K have been considered (250-350°C).
The available specific energy (per unit of mass) for an adiabatic (but almost isothermal) explosion depends on the amount of compressed interstitial gas and can be estimated as (Wilson 1980) :
where R is the gas constant, n is the mass fraction of gas, P 0 is the pressure at the vent, P atm is the atmospheric pressure and U is an estimate of the ejection velocity. For the reference case (Run F-N35E in Table 3 ), E iso ≅ 54 × 10 3 J/kg, corresponding to an (over)estimated ejection velocity of about 320 m/s. In fact, in our simulations, ballistic blocks never reach such a velocity, due to the rapidity of the gas decompression and the delay in particle coupling.
The Digital Elevation Model with a spatial resolution of 1 m of the present island of Vulcano is used, but with the crater filled to the rim by pre-BdC lavas and a shallow, elongated fissure excavated within it. Such a geometry was chosen because we observed that it favours the generation of asymmetric PDCs and ejection of ballistic blocks in the direction orthogonal to the fissure main axis, as observed in the field. The width and depth of the fissure is set to fit the measured total mass (or DRE volume) of the eruptive products. The fissure is filled with a compressed gas-particle mixture, thus assuming that the eruptive mixture immediately fragmented during decompression (as in Clarke et al. 2002) . Because the energy of fragmentation (1.8-4.8 MPa; Spieler et al. 2004; Mayer et al. 2016; Montanaro et al. 2016c) in the envisaged porosity range is lower than the assumed overpressure (12 MPa), this is equivalent to a maximum underestimation of 40% of the initial pressure needed to trigger the explosion (see also Esposti Ongaro et al. 2012 ). In addition, altered rocks can have lower fragmentation thresholds (up to 50% lower; Mayer et al. 2016; Montanaro et al. 2016c) .
Finally, the Eulerian-Eulerian eruptive mixture in our model is represented by one gas phase and one particle phase of 2 mm diameter. The Eulerian particle phase should be considered as a hydraulically equivalent particle class representing pyroclasts in the ash-lapilli range (simulations with particles of 1 or 4 mm do not show significantly different explosion dynamics; Esposti Ongaro et al. 2012) . Three ballistic-block classes of 8, 16 and 30 cm diameter (based on our field measurements) were used as Lagrangian phases. Figure 9 and Supplementary movie 1 depict the temporal and spatial evolution of the eruptive mixture made of gas, ash particles (2 mm) and blocks (8-30 cm) obtained from the numerical model. During the first 3-4 s (Fig. 9) , the mixture expands almost isotropically, due to the dominant effect of the high-pressure gradient. This is the stage of rapid decompression (the burst phase of Esposti Ongaro et al. 2012) which is able to accelerate the mixture up to vertical velocities slightly exceeding 200 m/s. These are higher than those measured in analogous laboratory experiments (around 160 m/s; Montanaro et al., 2016c) probably due to the lack of the material yield strength and higher initial pressure. Blocks accelerate to comparable velocities of gas and lapilli due to drag forces and pressure gradient. Lateral surge velocity is, during this stage, of the same order of magnitude, and asymmetry/anisotropy of the fissure can direct ballistic blocks in preferential directions. In this case, ballistic blocks located initially in the centre and along the eastern margin of the fissure are preferentially driven towards the ESE.
Numerical simulation results
After the burst stage (from 5 s to about 15 s, Fig. 9 ), compressibility effects (shock waves) create a vent-ward atmospheric motion that arrests the lateral surge motion and pulls the plume upward. In this stage, the fissure shape plays an essential role, as the 'suction' effect occurs only along the direction of the fissure. Orthogonal to the fissure, the mixture collapses under the effect of gravity, forming PDCs. At the same time, ballistic blocks have reached their maximum altitude and decouple from the gas-particle mixture (typically particles > 8 cm in our simulations), spreading radially under the dominant effects of inertia and atmospheric drag forces. After reaching a maximum height of about 1500 m above sea level, the whole eruptive plume collapses, generating a second, major PDC, preferentially directed orthogonal to the fissure direction. At 40 s after the beginning of the event (Fig. 9) , almost all ballistic blocks have landed, while PDCs are still propagating. The maximum distance reached by ballistic blocks of up to 30 cm diameter, ejected towards the East, is comparable with that observed in the field (2 km). The maximum flow run-out (> 3 km orthogonal to the eruptive fissure and 1.5 km along the fissure direction) is then reached after about 60 s. Numerical simulations demonstrate that the observed PDC deposits and ballistic-block ranges are consistent with an erupting mechanism driven by the explosion of a shallow (non-magmatic) pressurised body. Different initial fissure geometries were tested in this work, both circular and elongated, and with different aspect ratios. Circular vents produce axisymmetric ejection, while explosions that were too shallow (less than 100 m) were too short-lived to accelerate ballistic fragments sufficiently to fit the observed ranges. Our best match is thus obtained with explosions from an elongated, asymmetric body measuring about 200 m in length and 80-100 m in width, located northeast of the present crater. With the imposed volumetric constraint, this results in a 150-180 m fissure depth. Although errors are very difficult to estimate systematically, the parametric study suggests a mass of 1.5 ± 0.5 × 10 9 kg, an initial overpressure of 12 ± 3 MPa, a maximum temperature of 250 ± 50°C and an initial porosity between 0.3 and 0.6. It is worth remarking that simulations with higher temperature of the exploding mixture tend to be more convective, hindering the formation of intense PDCs. This observation supports the idea that the involvement of significant amount of fresh magma is unlikely in this stage since it would have significantly raised the initial temperature of the system.
Discussion

Dynamics of the BdC eruption
The BdC eruption started with two distinct lithic-rich ash emissions (phases 1a and 1b). The onset of the eruption at La Fossa was pene-contemporaneous with explosive activity at the Rocche Rosse vent on Lipari Island (Fig. 10) . The eruption suddenly escalated to its paroxysmal stage (phases 2a and 2b) consisting of the ejection of ballistic blocks mainly directed SE and in the flow of unsteady, stratified PDCs across the entire central sector of the La Fossa caldera. Layer 2a consists of an ash-poor, topography-draping, blast-like deposit which was emplaced together with the ballistic block shower. The blast was immediately followed by surge-like PDCs which emplaced ash-rich, thinly stratified, dune-bedded deposits (layer 2b). Gurioli et al. (2012) reported PDC deposits of layer 2a only confined to the southern and eastern sectors. The 17 new stratigraphic trenches that we dug around La Fossa cone Fig. 7) . R is the fissure radius or half-width; L and B are the fissure length and depth, respectively; sh is the shape of the fissure (1 = cone; 2 = paraboloid; 1-10 indicates an asymmetric fissure); V is the fissure volume. Symbol ϕ s denotes the solid particle fraction (i.e. 1 minus the porosity of the exploding mass), n is the gas mass fraction, T the mixture temperature, P the initial pressure, M s the total solid mass involved in the explosion, D indicates the distance reached by ballistic particles towards the East allow us to extend this limit beyond the La Fossa caldera walls, highlighting also a north-western and south-eastern dispersal. Dense, gravity-controlled PDCs (layer 2c) were next generated. These were immediately followed by the accumulation of co-PDC, accretionary lapilli-bearing, ash deposits (layer 2d). The descent of the dense PDCs of layer 2c occurred only through the lower parts of the crater rim, suggesting that the PDC generation mechanism was by boiling-over activity. Regularly spaced, vertical, fines-poor pipe structures are abundant in the Palizzi valley and in the outcrops of layer 2c situated in the easternmost part of the Porto di Levante bay (Fig. 6c) . Degassing structures are suggestive of a sudden deflation of fluidized PDC masses as they came to rest at the foot of the cone, possibly combined with a phenomenon of gas release from porous lithic clasts following the sharp decompression due to explosion. The observation reported by Gurioli et al. (2012) , of vertical pipe-like structures originating from large, lithic, hydrothermally altered blocks of layer 2a, and crossing the deposit of layer 2b, suggests that the emplacement of layers 2a and 2b occurred close in time, as fluids were still being vigorously released from porous lithic clasts of layer 2a by the time the ash-rich layer 2b was deposited. On the other hand, the burial of the same degassing structures by layer 2c is indicative of a longer time interval between the emplacement of layers 2b and 2c. We hypothesise that the increase amount of fine (< 0.063 mm) material, from layers 2a to 2c, is related to the different rock lithologies within the crater. Initially, the ejection of the lavas topping the source area produced coarse-grained, fines-poor deposits (layer 2a), later the eruption disrupted the underlying poorly consolidated and altered tuff deposits, generating a higher amount of fine material (layers 2b and 2c).
In the final phase, BdC fallout deposits are interfingered with at least three Rocche Rosse tephra beds from Lipari. This clearly testifies that explosive activity in Lipari and Vulcano went on for some time contemporaneously. The ash deposit rich in accretionary lapilli (layer 2d) was likely due to secondary explosions produced by the vapour generated by the entrance of PDCs into the sea, as already observed at Soufriere Hills volcano, Montserrat (e.g. Mayberry et al. 2002; Carn et al. 2004; Burns et al. 2017) . In contrast, the presence of non-structured ash pellets within the vesiculated tuffs of phase 3, coeval with reworking processes, suggests that wet environmental conditions affected both the eruptive plume and the emplaced ash deposits, eventually triggering lahars in the north-eastern sector and creating small mud ponds in the Palizzi valley.
Some controversial hypotheses exist in the literature regarding the presence of juvenile material in the BdC deposits. In fact, while Frazzetta et al. (1983 ), De Astis et al. (2006 and Dellino et al. (2011) propose that no juvenile fraction can be clearly identified, Gurioli et al. (2012) suggest that fresh glass material showing a large chemical variability from rhyolitic to trachyandesite does occur mostly in the finer fraction of the deposits (ash and lapilli) as well as in some bombs. This material, which is commonly below 40 vol.% of the deposits, frequently has fine ash adhering to grain surfaces and filling vesicles, with glass shards characterised by altered patinae. We did not identify a clear juvenile fraction in the coarsest clasts of the deposit, which also show no evidence of rapid quenching or interactions at high temperatures with the embedding, cooler finer matrix. Although definitive proof for either demonstrating or excluding the involvement of fresh magma in an eruption is not always straightforward, it has been recently pointed out that the presence of wide ranges of glass compositions (partially overlapping those of vent-area country rock), microlite textures and mineral content variability in glassy particles of deposits related to events with a strong hydrothermal signature is difficult to reconcile with involvement of fresh magma . In fact, while several eruptions at La Fossa are heterogeneous because of mingling and mixing processes of small magma batches (Gioncada et al. 2003) , these commonly show a predominant composition with minor contributions recorded as enclaves, while in the BdC event the chemical variability appears to be equal in volume, at least for the trachytic to rhyolitic endmembers (Gurioli et al. 2012) . If the eruptive mixture included a minor juvenile fraction of variable composition of sufficient volume to flash the hydrothermal system, this was small and cannot be unequivocally identified in the emplaced deposits.
Pre-eruptive state of the crater area and location of the BdC vent
Stratigraphic observations coupled with the recent reconstructions of the Palizzi eruptive period (Di Traglia 2013; De Astis et al. 2013) clearly show that the final eruptive period immediately before the BdC eruption consisted in a phase of effusive activity. The tight time relationship among the lava effusions and the BdC event is further constrained by the absence of lithic lava clasts in the previous PAL D fallout deposit, and by the lack of significant primary deposits between the lavas and the BdC tephra sequence (Supplementary Material). The state of moderate alteration of the lava fragments in the BdC deposits (fresh and moderately altered fragments account for more than 60% of the studied blocks) is also in agreement with a short time lapse of exposure to fumarolic action (about a century and a half) between the emplacement of lavas and their ejection as lithic material within the BdC deposits. The roots of the Palizzi and Commenda lavas can be nowadays clearly seen in the inner part of the present crater rim to be immediately below the BdC sequence. Moreover, geophysical surveys also revealed the presence of a buried lava body in the south-eastern part of the La Fossa cone ( Traglia et al. 2013) . All this evidence supports the idea that the final effusive activity immediately before the BdC event clogged the crater area with lava. This hypothesis is also supported by comparison of the volume of the lava material forming layer 2a (2.8 × 10 6 m 3 by considering the whole deposit as entirely made by lava lithics) with that of a hypothetical lava cap having a diameter comparable with the present crater geometry (600 m) and an average thickness of 10 m.
The presence at the end of the Palizzi eruption of lava in the summit part of the cone, which eventually flattened the summit area, can also explain the decrease of gas permeability and build-up of the overpressure necessary to overcome the tensile strength of rocks in the initial part of the explosion. The estimated overpressure from numerical modelling (12 ± 3 MPa) is consistent with values associated with the combined effects of the increased lithostatic load due to the lavas filling the crater (P L~3 .5 MPa assuming a depth of the lava filling the crater H = 200 m and a density of 1750 kg/m 3 ) plus the pressure associated with magmatic gas flux through the porous matrix (P G~1 0 Mpa for a permeability of degassed lavas of 10 −12 , according to Woods et al. 2002) .
Regarding the location of the BdC vent, we suggest a possible location in the north-eastern sector of the La Fossa cone. This hypothesis is supported by the presence of the largest boulders (more than 1 m in diameter) observed in the northern outcrop near the coast (Fig. 6a) . Moreover, the agreement between field data and numerical simulations of phase 2a is more consistent with this location of the fissure vent.
Limitations and constraints of current modelling approach
Concerning the above model-derived pressure estimates, two additional factors should be considered. On one hand, depending on the amount and temperature of the available liquid water, the energy for fragmenting and sustaining the explosive phase might be much higher if steam-flashing was considered. This in turn would affect the efficiency in producing fine material which could feed both PDCs and ash plumes (Mayer et al. 2016; Montanaro et al. 2016a,c) . In such a case, it is likely that the overpressure required to produce the observed phenomenology would be significantly lower. On the other hand, if the effect of the cohesive stress was taken into account (McKibbin et al. 2009 ), the required initial overpressure would increase. The balance between these two factors is difficult to estimate. However, accurate measurements of rock porosity/permeability together with constraint of rheological properties will likely help to add further constraints to the estimated initial pressure.
Comparison with other phreatic/hydrothermal eruptions
The blast phase of the BdC eruption (phase 2a) shows strong similarities with recent events directly observed at Soufrière-Guadeloupe (14 September 1976 blast; Sheridan 1980; Hincks et al. 2014) , Te Maari-Tongariro (6 August 2012; Lube et al. 2014) and Ontake (27 September 2014; Maeno et al. 2016) . Deposit characteristics of the BdC blast also resemble that of other historic events such as Zao 1895 (Fujinawa et al. 2008; Miura et al. 2012) , Bandai 1888 (Yamamoto et al. 1999; Fujinawa et al. 2008) and Adatara 1900 (Fujinawa et al. 2008) . Hydrothermal/phreatic blasts can occur as isolated events with little or no precursors (as at Bandai, Te Maari-Tongariro, Ontake) or within a phase of volcanic unrest (as at Zao, Adatara and Soufrière-Guadeloupe). The BdC eruption apparently belongs to the second category, showing an initial weak ash emission (phases 1a and 1b) preceding phase 2a (the blast phase).
The features of the blast phase are also similar to those described for other hydrothermal eruptions, in terms of the lithic-rich nature of the components, volume of the products (between 10 −6 and 10 −3 km 3 ), short duration of the events and strong directionality of the explosions, especially for the ballistic blocks and dilute PDCs (Table 4) . Simulated PDCs propagate as turbulent, stratified currents, with maximum ash volume concentration of about 0.005. Their maximum temperature is higher (exceeding 200°C) than that observed at Ontake (where temperatures within the PDCs were mostly below 100°C), probably due to the more dilute conditions ), but they are consistent with those measured at Te Maari (about 280°C; Lube et al. 2014) , indicating that the initial temperature of the hydrothermal body is conserved during the blast phase (Esposti Ongaro et al. 2012) . This is also similar to the average fumarole temperature currently measured at La Fossa, which is further support for our hypothesis. While there is little sedimentological evidence of PDCs associated to phreatic and hydrothermal events (because their small volume and thickness hinder their preservation), highenergy, dilute and low-temperature PDCs associated with explosion of a hydrothermal system should be more common than previously postulated.
The vents of the Soufrière-Guadeloupe, Te Maari-Tongariro and Ontake eruptions were also described as elongated fractures (consistent with our findings from the numerical modelling) accounting for the directionality of the PDCs (Sheridan et al. 1980; Lube et al. 2014; Oikawa et al. 2016) . However, in nature, further complexity can be observed in both the spatial and temporal evolution of a vent system; this was not possible to address in numerical simulations. For example, inclination of the fracture opening would likely enhance directional effects and fallout of ballistic blocks in specific sectors around the volcano. At Te Maari, the westward directed blast was produced by a series of explosions with a fragmentation front that migrated from west to east. As the lava was fragmented, producing a large number of ballistic blocks, the fragmentation front migrated eastward and different lithologies were involved; the ejection direction also changed, producing a different distribution of the ballistics with time Fitzgerald et al. 2014; Montanaro et al. 2016a) .
Regarding the explosive mechanism, the Bandai and Te Maari-Tongariro events were triggered and laterally directed by a combination of sudden depressurisation of the hydrothermal system due to a landslide, and lateral and localised vent opening (Yamamoto et al. 1999; Breard et al. 2014 Breard et al. , 2015 . Additional complexity was observed at Te Maari, where potential fluid injection occurred weeks prior to the eruption ) and the first blast actually was eastern-directed (in the opposite direction to the landslide), while the second and most powerful blast was directed westward. For the Zao and Soufrière-Guadeloupe eruptions (Fujinawa et al. 2008) , an injection of magma at depth was invoked as a triggering mechanism. The Ontake eruption seems to have been triggered by a pressurised reservoir, potentially associated with the arrival of new magma, temperature increase or sudden critical phase change in the hydrothermal system (Kato et al. 2016; Maeno et al. 2016 ). This latter case possibly best describes the triggering mechanisms that can be invoked for the BdC eruption. In fact, the lack of evidence of a landslide, coupled with the reconstruction of the summit area prior to eruption, suggests that the lavas filling the crater area possibly exacerbated a process of pressure build-up within the hydrothermal system. (2014); Breard et al. (2014 Breard et al. ( , 2015 ; Kato et al. (2016) ; Maeno et al. (2016) Simultaneity of the BdC with the Rocche Rosse eruption from Lipari
The simultaneity of the BdC and the Rocche Rosse eruptions suggests that links between the two magmatic systems may exist. The last eruption on the Island of Lipari is thought to have been triggered by the injection of mafic magma into a zoned latitic-rhyolitic magma chamber (Davì et al. 2009b) . The absence of a hydrothermal system in the NE part of the Island of Lipari probably favoured the development of a pure magmatic eruption (Davì et al. 2011 ) with a large dispersal area (Bescoby et al. 2008; Albert et al. 2017; Caron et al. 2012) , whereas the presence of a hydrothermal system within the La Fossa cone (Fulignati et al. 1998 ) favoured the high-energy hydrothermal pulsating eruption of Vulcano. In addition, there is evidence that a strong contribution to the development of a hydrothermal system occurred just towards the end of the Palizzi eruptive unit (Fulignati et al. 2018) . Recent observations by Biggs et al. (2016) showed that volcanoes fed by magma bodies that are spaced less than about 10 km apart generally could have simultaneous eruptions, while stress changes can couple large eruptions over distances of about 20-40 km. Simultaneous activation of multiple vents can be particularly relevant in caldera settings (Roggensack et al. 1996; Pistolesi et al. 2016 ). In the case of the BdC and the Rocche Rosse eruptions (vents located 12 km apart), the magmatic and tectonic links have already been proposed by several authors (Ventura et al. 1999; Gioncada et al. 2003; Ruch et al. 2016) , and concurrent eruptions could be facilitated by the occurrence of a stress change (large earthquake) along the Aeolian-Tindari-Letojanni fault zone. A similar coupled event has been recognised at Tarawera volcano and at the nearby Waiotapu geothermal field (New Zealand). This has been attributed to a basaltic intrusion at depth, capable of triggering both a magmatic (the Tarawera rhyolitic) and the hydrothermal (Waiotapu)~AD 1315 eruptions from vents situated more than 10 km one from the other (Nairn et al. 2005) .
Possible occurrence of a new BdC-like eruption at Vulcano and associated hazards
The data presented here and the comparison with similar eruptions provide important insights into potential future hydrothermal eruptions at the La Fossa cone. The increase and decrease in pressure in the La Fossa cone hydrothermal system are responsible for maintaining high fluid permeability while maintaining existing fractures in the cone (Paonita et al. 2013; Capasso et al. 2014) . Therefore, nowadays the low permeability conditions that would have affected the explosion during the BdC eruption are unlikely. However, it cannot be ruled out that the occurrence of landslides during periods of high pressure can trigger a hydrothermal eruption like the Bandai and Te Maari-Tongariro events. In addition, it should be considered that La Fossa cone pressurisation may be one of the causes of flank instability (Reid 2004; Thomas et al. 2004) . Considering this, even in the absence of the same predisposing factors of the BdC eruption (low permeability in the summit area), the increase in the amount of gas in the hydrothermal system could promote internal volcano pressurisation that might in turn produce the increase in pore pressure and the consequent flank instability, generating landslide-triggered hydrothermal explosions. In the same way, the possibility that a hydrothermal eruption at La Fossa cone can be triggered by a strong release of gas from the magma chamber following movements of the regional faults that are present in the Vulcano-Lipari area cannot be excluded (Montalto 1995) . If a BdC-like eruption were to happen again at La Fossa, the impact on the island would be catastrophic and far larger than that associated with a Vulcanian-type eruption. In fact, hazards associated with a BdC-like eruption include both dilute and dense PDCs with a possible blast component, intense and long-lasting tephra fallout and highly concentrated sedimentation of ballistic blocks up to 2 km from vent. Modelling of PDCs has in particular indicated a run-out up to 2.3 km in the direction of Piano and more than 3 km towards the NW. Considering the proximity of residential buildings and both critical facilities and infrastructures to La Fossa edifice and the high-to-very-high vulnerability of the associated urban fabrics (Galderisi et al. 2013; Biass et al. 2016a,b) , depending on the position and the geometry of the eruptive vent, the resulting impact could affect the Vulcano community and surrounding islands at multiple scales.
In such a scenario, an effort will be needed to identify the possible precursors of hydrothermal eruptions, not only considering the 'classical' geochemical (Chiodini et al. 1995; Capasso et al. 1999; Granieri et al. 2006 ) and in situ geophysical (Montalto 1995; Fournier and Jolly 2014; Hurst et al. 2014; Honda et al. 2018 ) monitoring but also considering the opportunities provided by the new and advanced remote sensing techniques (Kobayashi 2018; Kobayashi et al. 2018) .
Conclusions
Deposits related to the blast phase of the BdC eruption show close similarities with those recently produced at Te MaariTongariro (2012) and Ontake (2014) volcanoes, such as the lithic nature of the components, moderate volume of the emitted products and the strong directionality of the eruptive jets (ballistic blocks and dilute PDCs). Despite the difficulties of comparing the BdC eruption with recent events which were directly observed, the reconstructed eruptive sequence displays similar features, with a laterally directed, finesdepleted blast followed by a final, central vent eruption. Multiple explosions from fissure-like vents have been observed at both the Te Maari-Tongariro and Ontake isolated hydrothermal blasts and are also necessary to model the phase 2a of BdC. In such a scenario, large ballistic blocks (up to 30 cm in diameter) initially at rest can be accelerated up to 200 m/s by drag and pressure forces eventually producing concentrated showers of blocks to distances larger than 2 km from the vent.
The blast phase of the BdC eruption (phase 2a) was preceded by mild ash emissions (phases 1a and 1b), accounting for a recognisable precursory phase (probably days before the blast). Precursory phases were reported for the eruption of Zao (1895), Adatara (1900) and Soufrière-Guadeloupe (1976), but not for Te Maari-Tongariro and Ontake. Regardless of the existence of predisposing conditions (increased overpressure due to rapid rise of high-pressure gas masses or rapid decompression due to landslides), the increase in the amount of gas in the hydrothermal system is to be considered to be the overall trigger of these eruptions.
The high permeability of the system and the absence of a lava cap at the summit of the cone suggest that the current conditions at La Fossa are not favourable to generate a BdClike eruption. Nonetheless, the detailed understanding of the alteration style and intensity as well as the spatial distribution of lithology within the very shallow (within metres) part in the cone area (e.g. Heap et al. 2017; Mayer et al. 2016 Mayer et al. , 2017 would yield essential information in relation to eventual future unrest phases. This information should also be accompanied by geophysical/geochemical parameters (deformation, thermal flux, gas flux time series) that might indicate a decrease of permeability and an augmented pore pressure (e.g. Fournier and Jolly 2014; Honda et al. 2018; Kobayashi et al. 2018) .
In addition, two eruptions should also be considered. As an example, the temporal coincidence of the BdC event with the Rocche Rosse rhyolitic eruption 12 km away from the La Fossa cone is closely reminiscent of the contemporaneity of events that occurred at Tarawera and the Waiotapu geothermal vents situated 10 km apart. Such a contemporaneity of magmatic and hydrothermal events possibly indicates that the activation of regional faults could be an important factor facilitating the rise of high-pressure masses of gas through sudden increase of permeability along the fault plane. In this sense, we emphasise the importance of geophysical parameters in indicating an increase or decrease in permeability and/or of seismic activity.
Eulerian-Eulerian model for the gas-pyroclasts mixture
The Eulerian-Eulerian multiphase flow model formulation has been modified from Neri et al. (2003) for one single particulate class, representing fine ash. For the two-phase gasparticle mixture, the following transport equations for mass, momentum and energy are solved. All symbols and units are defined in Appendix 4.
Mass equations
Momentum equations
Because particle-particle collisions are neglected (see below), only the gas pressure term is included in the particle momentum equation (Gidaspow's Model A, 1994) .
Energy equations
The total energy of the i-th phase is defined as the sum of the specific internal e i and kinetic k i energy (k ¼ 1 2 U 2 ). The work done by gravity and by the drag force is neglected in both balances. Heat conductivity terms are neglected for particles when focusing on the dilute flow regime.
Closure equations
The two phases are treated as interpenetrating continua. Their volume fractions obey the closure equation:
The thermal equation of state of the gas phase is that of perfect gases. Particle density is constant.
The frictional and collisional momentum dissipation terms in the particle stress tensors are neglected because they are negligible in the mixture expansion phase and in the dilute regime of pyroclastic flow propagation ). Although they can be important in the basal layer and in the stopping regime of pyroclastic flow emplacement, we have neglected them to speed computation up. Stress terms have been switched on in a couple of runs to ensure that their effect was negligible on large-scale dynamics. On the contrary, turbulent sub-grid stress terms have always been included. For both the gas and particles, the stress tensor is written in a Newtonian form:
where the subscript (i) indicates either gas or particles and ν eff is the effective viscosity coefficient (μ eff = μ + μ turb ), and is the sum of the molecular/granular viscosity μ (equal to 1.84 × 10 5 Pa s, for gas, and to zero for particles) and the turbulent (subgrid) turbulent coefficient.
The heat flux is expressed through Fourier's law, for both gas and particles:
where Pr is the turbulent Prandtl number, set equal to 0.7 for gas and 1 for particles and ν turb = μ turb /ρ i . Finally, the gas-particle drag coefficient D gs is expressed by the Ergun-Wen-Yu law, whereas the gas-particle heat transfer coefficient K ht is expressed by the Ranz-Marshall law. We refer to Neri et al. (2003) for such details.
The Eulerian-Eulerian model is solved by means of a segregated, semi-implicit solution algorithm implemented in the twoPhaseEulerFoam application of OpenFOAM (www. openfoam.org, version 4.1). The original solver has been modified by the authors to account for atmospheric vertical stratification.
Lagrangian model for ballistics
The numerical solver adopted in this work is based on a Lagrangian approach for the larger clasts (de ' Michieli Vitturi et al. 2010; Del Bello et al. 2017) , using the KinematicCloud class implemented in OpenFOAM. In the present application, the Lagrangian trajectories are calculated by imposing a one-way coupling with the continuous phases (gas and fine particles), i.e. Lagrangian particles are influenced by the fluid field but their mass fraction is low enough to neglect their influence on the fluid.
In the Lagrangian formulation, trajectories are obtained by integrating, for each particle P with mass m p and velocity U p , the Newton equation of motion expressing acceleration of a particle as a function of the sum of the forces acting on the particle:
In this application, we considered the steady state fluidparticle drag F D , the pressure gradient F G and the body force 
In dilute flows, such as those of interest in this work, the dominant force acting on the particles (besides gravity F G = m P g) is the drag exerted by the fluid phase, expressed by:
In this expression, D P is the particle diameter, whereas the subscripts C and P indicate the continuous phase and the particle, respectively. For the drag coefficient C D , we adopt the same expression used by Neri et al. (2003) : valid up to Re = 1000, with the particle Reynolds number Re defined as:
where ρ C is the density of the carrier phase, U C is its velocity and μ C is the dynamic viscosity. De' Michieli Vitturi et al. (2010) already demonstrated that, in the initial stages of a Vulcanian eruption, the pressure gradient terms are of the same order of magnitude as the drag term. In our work, we thus included the pressure gradient in the Lagrangian equations and noticed that this term is a fundamental one to correctly estimate the ballistic ranges. Neglecting the pressure gradient entails a decrease of the maximum distance reached by 30 cm particles by about 25% (i.e. from 1.90 to 1.45 km).
The pressure gradient force is written as:
All force terms are first computed at the centres of the computational cells and then linearly interpolated at the particle position to update particle velocity. Finally, new particle positions are obtained by integration of the velocity:
Topographic boundary conditions and numerical mesh
The Digital Elevation Model (DEM) represents the present topography of the Vulcano island, with the crater filled up to the rim (Fig. C1a) . At time t = 0, the eruptive mixture is confined within a shallow fissure excavated in the crater area.
To reproduce the observed spreading in East-Southeast directions, the fissure was oriented N35°E, the inner profile was asymmetrically opened towards Southeast (Fig. C1b) and ballistic particles where located along the southeastern margin of the fissure. It is worth remarking that asymmetric ballistic launch can be produced in natural systems by an oriented fissure or an inclined jet but, in our application, it was not possible to test such a geometry. In any case, our study demonstrates that ballistic particles ejected towards the EastSoutheast can reach, with the selected initial conditions, the observed ranges. The DEM was converted in STL format and the computational grid was adapted to the topography by using the snappyHexMesh utility, implemented in OpenFOAM 4.1. The computational domain is extended 4.6 km in the x direction (West-East), 4.3 km in the y direction (South-North) and 2.5 km vertically. An initial coarse, rectilinear uniform mesh (with 100 m resolution in all directions) was refined in two steps, to obtain a 25-m resolution at the ground surface. Two terrain-following layers were then added, with an average vertical resolution of 10 m. Such a local refinement allowed to have enough resolution to resolve the large-scale features of dilute and thick pyroclastic density currents , while keeping affordable the number of computational cells (~280,000) and the simulation time (~3 h) for simulation on a Intel i5 4-cores (3.2 GHz) PC. 
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